Viable pathogenic bacteria are major biohazards that pose a significant threat to food safety. 20 Despite the recent developments in detection platforms, multiplex identification of viable 21 pathogens in food remains a major challenge. A novel strategy is developed through direct 22 39 RNAs on the emerging Nanopore platform. Direct RNA-seq and RT-PCR amplicons sequencing 40 of metatranscriptome enable the direct identification of nucleotide analogs in RNAs, which is 41 Page 3 of 26 highly informative for determining microbial identities while detecting ecologically relevant 42 processes. The information pertained in this study could be important for future revelatory research, 43 including predicting antibiotic resistance, elucidating host-pathogen interaction, prognosing 44 disease progression, and investigating microbial ecology, etc. 45 46
metatranscriptome RNA-seq and multiplex RT-PCR amplicon sequencing on Nanopore MinION 23 to achieve real-time multiplex identification of viable pathogen in food. Specifically, this study 24 reports an optimized universal Nanopore sample extraction and library preparation protocol 25 applicable to both Gram-positive and Gram-negative pathogenic bacteria, demonstrated using a 26 cocktail culture of E. coli O157:H7, Salmonella enteritidis, and Listeria monocytogenes, which 27 were selected based on their impact on economic loss or prevalence in recent outbreaks. Further 28 evaluation and validation confirmed the accuracy of direct metatranscriptome RNA-seq and 29 multiplex RT-PCR amplicon sequencing using Sanger sequencing and selective media. The study 30 also included a comparison of different bioinformatic pipelines for metatranscriptomic and 31 amplicon genomic analysis. MEGAN without rRNA mapping showed the highest accuracy of 32 multiplex identification using the metatranscriptomic data. EPI2ME also demonstrated high 33 accuracy using multiplex RT-PCR amplicon sequencing. In addition, a systemic comparison was 34 drawn between Nanopore sequencing of the direct metatranscriptome RNA-seq and amplicons. Both methods are comparable in accuracy and time. Nanopore sequencing of RT-PCR 36 amplicon has higher sensitivity, but Nanopore metatranscriptome sequencing excels in read length 37 and dealing with complex microbiome and non-bacterial transcriptome backgrounds. To the best 38 of our knowledge, this is the first report of metatranscriptome sequencing of cocktail microbial Introduction 51 Biological threats, including bacteria, viruses, and parasites, remain as the top food safety 52 challenge in the United States. According to the CDC surveillance for foodborne disease outbreaks 53 most recent annual report, in 2016 outbreaks attributed to bacterial infection comprised 44% of the 54 total 645 outbreaks and caused 76% of the 847 hospitalization cases (1). More importantly, a recent 55 report published by U.S. Department of Agriculture Economic Research Service (USDA ERS) 56 stated that food safety challenges caused an annual loss of $15.5 billion to the economy and the 57 top 10 infectious bacteria alone contribute to $10 billion in economic loss (2). These statistics 58 revealed that bacterial infection is the primary concern among all biological threats. To cope with 59 the threat of bacterial infection to public health, the demand for a rapid and highly sensitive method 60 to detect and identify bacterial pathogens in food is enormous and becoming more urgent, 61 especially after the implementation of the Food Safety Modernization Act (FSMA) in 62 2011.Commercial food safety testing methods include traditional plate counting methods, 63 immunological techniques such as enzyme-linked immunosorbent assay (ELISA), lateral flow 64 immunoassay chip, and electrochemical biosensors, chromatography, as well as nucleic acid-based 65 approaches (3). As summarized in Table S1 , the widely recognized cultivation methods and 66 commercial rapid detection systems that are available for food defense applications have major 67 limitations, such as large sample size, long turnaround time, and intensive labor demands. Rapid 68 detection systems also failed to address unique changes to food safety and food defense, despite 69 the recent success in medical and clinical diagnostics. methods have limited discretionary power to identify bacterial viability (summarized in Table S1 ). 74 Current genome-based technology includes polymerase chain reaction (PCR), real-time PCR 75 (qPCR), fluorescence in situ hybridization (FISH), nucleic acid sequence-based amplification 76 (NASBA), and loop-mediated isothermal amplification (LAMP). PCR based methods are sensitive 77 and specific but easily generate cross contamination between pre-PCR and post-PCR products. 78 Insufficient permeability of cell walls and the inherent autofluorescence of the substrate will 79 decrease the efficiency of FISH (4). NASBA and LAMP do not require a thermocycler, however, 80 NASBA shows a size range limitation of target RNA and LAMP requires complex primer design 81 that cannot be adapted to multiplex amplification (5). In addition, all these approaches suffer from 82 the limited capability to identify viable pathogens (6). False positive results are a major issue for 83 DNA-based approaches. This is due to the inability to differentiate DNA molecules in viable 84 bacterial cells from the genomic background, which is comprised of stable DNA molecules from 85 the microbiota, the food matrices, and dead pathogens inactivated during food processing and 86 storage (7, 8) . In contrast , transcriptome-based technologies which utilize RNA as alternative 87 biomarkers for bacterial viability hold more promise, because RNA molecules tend to have a 88 shorter half-life than DNA in the environment when cells are inactivated (7, 8) . Recent progress 89 was made using reverse transcription PCR (RT-PCR), but false positives also plague RT-PCR 90 approaches (9). This can be explained by non-specific amplification of RNA molecules from food 91 matrices and microbiota (10, 11) . Subsequent sequencing of the RT-PCR amplicons has the 92 potential to significantly improve the accuracy of the transcriptome-based approach by identifying 93 the origin of the amplicons. The second prominent challenge is multiplex identification without 94 the need for assay customization to each individual microbial threat. Each food commodity often 95 faces multiple, and sometimes random, threats from dozens of major etiological agents (12). A 96 Page 6 of 26 monitoring and inspection system should entail capacities of multiplex identification. Nonetheless, 97 conventional systems depend on the customization of recognition elements, like antibodies or 98 enzymes, to achieve multiplex detection, which can be self-prohibitory economically (13, 14) . 99 Therefore, a feasible strategy should enable multiplex identification without the need to customize 100 for individual threats, which can be of great importance and benefit to food defense. Several 101 multiplex RT-PCR methods were developed for S. aureus, Salmonella and Listeria using food 102 models over the last decade (15) (16) (17) (18) (19) (20) . However, a recent validation study suggests that multiplex 103 RT-PCR may also generate false positive results in real food samples, especially if rRNA is the 104 target template (11). Very recently, Next Generation Sequencing (NGS) platforms, such as 105 Illumina, have emerged as a new strategy for food defense (21-25) but , its applications in food 106 testing are very limited. NGS does not permit timely analysis, as these platforms generate 107 sequence reads in parallel and not in series, so data analysis can add significant burden to total 108 turnaround time. Additionally, NGS relies on non-portable and expensive equipment, which is 109 also economically self-prohibitory for the food industry. The novel Oxford Nanopore MinION 110 sequencer has emerged as a promising method of food pathogen detection based on its rapid, cost 111 effective, portable, and high-throughput RNA and DNA sequencing workflows (26-29). Nanopore 112 sequencing is a third-generation sequencing platform that can produce long reads on DNA and 113 RNA molecules and perform real-time metagenomic and metatranscriptomic sequence analysis on 114 the pocket-sized Nanopore MinION device (30). This technology can be used to identify viral 115 pathogens, as well as microorganisms such bacteria and fungi (31) (32) (33) . A few studies have 116 demonstrated Nanopore's potential for food safety application using metagenomic sequencing in 117 clinical and food samples (34), however, like other genomic approaches, stable DNA molecules 118 can cause false-positive identification, but the studies did not include a validation of whether the 119 Page 7 of 26 nanopore metagenomic sequencing data only correlates with viable pathogens. Direct RNA 120 sequencing on Nanopore was successfully developed in 2018 on the Nanopore MinION (30). 121 122 Therefore, for the first time, RNA-enabled Nanopore sequencing is evaluated for its potential in 123 achieving multiplex identification of viable pathogens in this study (Fig 1) . Specifically, an 124 optimized universal RNA extraction and DNA digestion method is developed to simplify and was centrifuged at 4500 rpm for 10 minutes (low speed centrifugation), the supernatant from low 143 speed centrifugation was then centrifuged at 6500 rpm for 30 min (high speed centrifugation). 144 High speed centrifugation supernatant was then filtered through 0.2 micro filter membrane 145 (vacuum filter 0.2-micron, Fisher Scientific) and diluted to 4% using sterilized DI water (COD= 146 800 ppm) to grow bacteria. Listeria pathogenicity island 1 (LIPI-1) in L. monocytogenes (39, 41, 42) . Ultra II ligation master mix. Oxford Nanopore Ligation Sequencing Kit SQK-LSK108 and Library 212 Loading Bead Kit EXP-LLB001 were used for the library preparation of RT-PCR amplicon. To 213 validate Nanopore DNA sequencing results, the RT-PCR products were also sequenced using an 214 Applied Biosystems 3130xl genetic analyzer by following a protocol at NEB. The DNA E. coli O157:H7 growth curve (Fig 2A) resembles a typical microbial growth curve with an 231 exponential phase from 0 to 24 hours and a stationary phase from 24 to 72 hours. Bacterial counts 232 at 72 hours showed a slight decrease from 24 hours, which could indicate the start of death phase.
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The RT-qPCR of mRNA collected at different time points ( Fig 2B) showed that the greatest 234 Page 12 of 26 amount of RNA was found in 8-hour and 24-hour samples, followed by a decline of mRNA 235 concentration at 72 hours. A high alignment between mRNA concentration and viable cell density 236 can be established between Fig 2A and 2B. The results indicate mRNA has good correlation with 237 viable bacterial count. The melt curve (Fig 2E) showed 5 peaks from the 5 different time points, 238 which indicate that the same mRNA was amplified. In negative control, no colony was identified 239 on BHI agar and no amplicon was detected by gel electrophoresis. confirmation that all three bacteria were present (S2 Table) . The mean read-length was close to 258 1,200 bp (Table 1 and Similarly, multiplex RT-PCR amplicon sequencing also successfully identified the three bacteria 268 in the 4-hour cocktail culture sample (Fig 3) . E. coli O157:H7, S. enteritidis and L. monocytogenes 269 were observed in a real-time phylogenetic tree generated by EPI2ME in less than 15 minutes and 270 the distribution was respectively 84.7%, 13.7% and 1.7% in BHI sample, and 50.9%, 43.4% and 271 5.7% in LJE sample ( Fig 3A, 4B and Table 2 ). The average read quality was 10.4 and 9.7. A total 272 of 29,279 reads were analyzed in BHI culture with a 3-hour running time (early termination due 273 to high quality score) and 442,325 reads in LJE cocktail culture with a 24-hour running time (Table   274 1). The average sequence length was 534 bp in BHI sample and 432 bp in LJE sample (S3 Table   275 and S2 Fig.) which was consistent with multiplex RT-PCR products (520, 244 and 153 bp) (39- In this study, the quality score of direct metatranscriptome RNA-seq was 7.8 and 7.9, while 10.4 281 and 9.7 for multiplex RT-PCR amplicon sequencing from MinKNOW QC report (Table 1) . Raw 282 data was collected by nanopore real-time sequencing software MinKNOW and analyzed with 283 different bioinformatic databases and pipelines. In metatranscriptomic direct RNA-seq, 284 MinKNOW miss-identified Bacillus as the top genus in both the BHI and LJE samples ( Table 2) . 285 This error could be caused by the similarity between Listeria and Bacillus, especially with their 286 housekeeping genes and rRNA (45, 46) . Although MG-RAST eliminated this misreading, other 287 untargeted bacteria counted for a close proportion to S. enteritidis (1.5%) ( Listeria, E. coli O157:H7 and Salmonella without any miss-identification ( Table 2 ). The results 292 of multiplex RT-PCR sequencing showed that three targeted bacteria were anchored accurately 293 by MinKNOW (Table 2) , and no miss-identification appeared in the results. Multiplex RT-PCR amplicon sequencing requires substantially less RNA input, which could 369 translate into less microbial input. The method only requires 36.5 ng RNA input for multiplex RT-370 PCR, and 33.8 ng amplicon for library preparation and sequencing (S2 Table) . The amplicon 371 sequencing method is more sensitive and could be applicable for food commodities with low 372 Page 18 of 26 bacterial loading around 10 1 -10 4 CFU/g. 500 ng RNA input on Nanopore MinION is 373 recommended by the supplier for metatranscriptomic direct RNA-seq. However, significant RNA 374 loss was observed during the library preparation due to the three purification steps. The initial 375 purified RNA concentration before library preparation was 3490 ng and 1338 ng in BHI and LJE 376 respectively, and only 744 ng and 130 ng were yielded for Nanopore sequencing. RNA loss can 377 be as high as 80-90%, which significantly restricted sensitivity of the assay. Redesign of the library 378 preparation protocol to minimize RNA loss can have profound significance for assay sensitivity 379 and feasibility for clinical applications. The two strategies pose different levels of complexities. 380 Direct metatranscriptome RNA-seq may be applicable in foods with a complex microbiome (e.g., 
